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Particle mass concentrations (PM10, PM2.5 and PM1) and particle number concentration ((PNC); 0.27 μm ≤ Dp ≤ 34.00 μm) were measured in the tropical coastal environment of Bachok, Kelantan on the Malaysian Peninsula bordering the southern edge of the South China Sea. Statistical methods were applied on a three-month hourly data set (9th January to 24th March 2014) to study the influence of north-easterly winds on the patterns of particle mass and PNC size distributions. The 24-h concentrations of particle mass obtained in this study were below the standard values detailed by the Recommended Malaysian Air Quality Guideline (RMAQG), United States Environmental Protection Agency (US EPA) and European Union (EU) except for PM2.5, which recorded a 24-h average of 30  18 µg m-3 and exceeded the World Health Organisation (WHO) threshold value (25 µg m-3). Principal component analysis (PCA) revealed that PNC with smaller diameter sizes (0.27 – 4.50 μm) showed a stronger influence, accounting for 57.6% of the variability in PNC data set. Concentrations of both particle mass and PNC increased steadily in the morning with a distinct peak observed at around 8.00 h, related to a combination of dispersion of accumulated particles overnight and local traffic. In addition to local anthropogenic, agricultural burning and forest fire activities, long-range transport also affects the study area. Hotspot and backward wind trajectory observations illustrated that the biomass burning episode (around February-March) significantly influenced PNC. Meteorological parameters influenced smaller size particles (i.e. PM1 and Dp (0.27 - 0.43 μm)) the most.





Regional and local atmospheric aerosols are formed from various complex interactions within the atmosphere and originate from both natural and anthropogenic sources  ADDIN EN.CITE (; ). In Southeast Asia, biomass burning is an important source of aerosols in addition to daily emissions from traffic and industrial processes  ADDIN EN.CITE (; ; ). These particles originate from a combination of long-range transport from regional sources and also local sources of both natural and anthropogenic origins (). The combustion of peat soil and waste from vegetation are major contributors of aerosols from biomass burning. Aerosols from biomass burning usually contain high amounts of organic pollutants and are able to travel far from their sources, due to their fine size and stability characteristics  ADDIN EN.CITE (; ). Other sources of fine particles in these areas are expected to be the combustion of fuel by motor vehicles and industrial processes (). The accumulation of fine particles via several processes, such as particle gas interaction and condensation, will eventually generate coarse mode aerosols in the atmosphere (). These processes will add to the coarse particles in the atmosphere originating from natural processes such as windblown dust and ocean spray.
The measurement of particle concentrations in ambient air within different size ranges is usually based on particle mass and particle number concentrations (). Particle mass (PM) concentration is one of the common parameters used to determine the concentration of particulate matter. Particulate matter with aerodynamic sizes below 2.5 micrometres (PM2.5) has been widely used for the measurement of particle concentration and composition  ADDIN EN.CITE (; ; ). Particle number concentration (PNC) is based on the number of particles of different sizes (; ). Previous studies have shown that ultra-fine particles (UFP) dominate the PNC and cumulative surface area and are therefore capable of carrying large concentrations of adsorbed or condensed toxic air pollutants (). As PNC includes a variation of sizes, it is able to indicate the possible sources of particles and the interaction between particles that generate larger particles in the atmosphere through coagulation processes (; ) .
The application of multivariate analysis to complex and large data sets for classification and modelling purposes has attracted scientific interest over the last few years and is now routinely used in most fields of application (). In this study, principal component analysis (PCA) was applied to allow for the reduction of the dimensionality of the data and the extraction of the most significant parameters relating to spatial and temporal variations (). Hierarchical agglomerative cluster analysis (HACA) was utilised to group large data into clusters with similar characteristics within the groups but with differing characteristics between the groups (). In addition, multiple linear regression (MLR) was used to predict relationships between input and output variables without detailing the causes of these relationships (). This multivariate analysis (PCA, HACA and MLR) has been widely applied in previous studies such as those by  ADDIN EN.CITE (; ; ; ; ; ).
The main objective of this study was to analyse the distribution patterns of particle mass and number concentration in a tropical coastal environment during a period of northeast monsoon in Southeast Asia. In addition, we aim to identify the particle diameter that contributes most significantly to the coastal ambient air using PCA and HACA respectively during this seasonal event. The wind trajectories were used to identify the movement of air and possible sources of particles during the campaign in the winter season.
2. Methodology
2.1. Background of the study area




2.2 Instrumentation and data processing
Measurements of particle mass and number concentration were made using a the multi-channel GRIMM Environmental Dust Monitor (GRIMM EDM-SVC 365, GRIMM Aerosol Technik, Germany. The instrument was set up on a tower approximately 30 m above ground level. Equipped with a global positioning system (GPS), the aerosol monitoring system consisted of an aerosol spectrometer (Model 179) attached directly to the Nafion inlet tube where the air enters. The aerosol spectrometer employs a state-of-the art optical particle counter, thereby allowing in-situ measurements of the particle distribution with a diameter size of between 0.25 μm and 32 μm  ADDIN EN.CITE (; ). In brief, ambient air is directly fed into the measuring cell at a rate of 1.2 L min-1 using a volume-controlled pump and passes through the GRIMM spectrometer cell that has been designed as a single particle detection and counting system. All aerosol particles passing through the measurement cell are classified by its 31 size distribution channels. 
The particle mass measurements were obtained by applying the theoretical mass equation and measurement principle based on the light-scattering technology for single particle counts (; ). The phases involved in the conversion process were: First, particle diameter data which were converted into particle volumes using the mean particle diameter between the thresholds of the 31 different channels. Second, the particle mass was estimated by multiplying the obtained count volume with the corresponding specific density factors. Then, these were added to the total mass of each particulate matter channel (). Data were recorded at 1-min intervals in a comma-separated value (CSV) data file and 365-SVC-Count-data-V2-5 software was used for further data processing. This procedure complies with several international standards for ambient air monitoring i.e. the EN12341 (Standard gravimetric measurement method for the determination of the PM10 or PM2.5 mass concentration of suspended particulate matter), EN14907 (Standard gravimetric measurement method for the determination of the PM2.5 mass fraction of suspended particulate matter), US-EPA Designated Reference and Equivalent Method and GOST-R (Russian Standard) (), the instrument validity has been evaluated by several studies  ADDIN EN.CITE (; ). In this study, for calibration purposes, three crucial steps were carried out. First, we did the zero filter test to make sure that the instrument is properly installed and there is no leaking of the sampling tube. Secondly, we ran air pump testing to make sure that the aerosol is going to the right tube. Next, a trial run of the system for 24-h where our validation test resulted with coefficient of determination, R2 value of 0.988, 0.994 and 0.997 for PM10, PM2.5 and PM1, respectively after regression analysis between our instrument GRIMM EDM-SVC 365 (particle number converted to mass concentration) and GRIMM 180 (direct reading of mass concentration). 
In this study, a three-month hourly average concentration data set from January (9th – 21st January 2014); February (6th – 27th February 2014) and March (1st – 24th March 2014) were used. Hourly data sets were obtained from the valid three month 1-min interval concentrations. The dates selected are based on the availability of all parameters. No imputation procedure was adopted for the treatment of missing data. Data sets obtained from GRIMM EDM-SVC 365 consist of particle mass concentrations (PM10, PM2.5 and PM1) as well as the particle number concentration (PNC) in the diameter size range 0.27 – 34 μm. The measurement unit for PM is microgram per cubic metre (µg m-3) while PNC is in per cubic centimetre (#cm-3). In addition, we also recorded meteorological parameters with mini outdoor Environmental Dust Monitor, (GRIMM EDM 164, GRIMM Aerosol Technik, Germany). The meteorological parameters monitored were ambient temperature (°C), relative humidity (%), wind speed (m/s) and atmospheric pressure (hPa).

2.3. Multivariate analyses
PCA is a statistical technique which only takes into account the most significant and meaningful variables while the less significant variables are excluded from the whole data set with a very minimal loss of original information (). Variables which explain the largest proportion of variability within the original data are grouped in first component (PC) (). The factor loadings after rotation are used in the interpretation of the results because they reflect how much the variable contributes to that particular PC and to what extent one variable is similar to another. The higher the factor loading of that variable, the more the variable contributes to the variation accounted for in the particular PC ().
Cluster analysis is a statistical tool suited to the analysis of particle size distribution data in order to reduce their complexity  ADDIN EN.CITE (; ; ; ). HACA is the most common technique used to classify observed data into clusters with high homogeneity (similar) levels within groups and also heterogeneity (different) levels between groups (). HACA was performed using Ward's method and the Euclidean distance was used to measure any similarities (). The distance between two clusters was computed as the distance between the two closest elements in the two clusters ().
MLR is a statistical technique that allows us to predict the variability between the independent variable and the dependent variable (; ) based on the coefficient of determination, R2 value. In addition, MLR also provides information on the influence level of each parameter independent variable by comparing the standardised coefficients. In this study, PCA, HACA and MLR analyses were applied to a total of 26 variables using XLSTAT 2014 (Addinsoft, France) and the Statistical Package for the Social Sciences (SPSS) statistics Base 19 software (IBM, USA).

2.4. Wind pattern and hotspot observations
The regional paths of air masses was analysed using the Hybrid-Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (). Back trajectory analyses were used to determine the origin of air masses at the study area (Bachok). The Global Data Assimilation System (GDAS) from NOAA's Air Resources Laboratory was used as input data for the model. The trajectories were driven using gridded meteorological data at six-hour time intervals with calculations set for 30m, 150m and 500 m above ground level for 24 h, 72h and 120 h, respectively. The results were presented as the mean trajectories of the clusters obtained for each month (January to March, 2014).
 Monthly wind rose and hotspots plots were prepared using Igor Pro 6.22A (WaveMetrics, USA). A wind rose was applied to investigate the circulation and distribution of local wind patterns. One-minute interval wind speed (m/s) and direction (°) data over the study period were used. Hotspot observation data were downloaded from the National Aeronautics and Space Administration-Land Atmosphere Near-Real-Time Capability for Earth Observing System (EOS) - Fire Information for Resource Management System (FIRMS) (http://firms.modaps.eosdis.nasa.-gov/download/). The hotspot data were coupled with cluster mean trajectories data to investigate the influence of wind direction and biomass burning within the study area.

3. Results and Discussion
3.1 General description of weather conditions
Hourly average meteorological data consisting of temperature, humidity, wind speed and pressure were used to evaluate the weather conditions during measurement periods. The minimum value for temperature was 20.5 °C and relative humidity 64.5% with the average value of 26.2 °C and 86.3% respectively. The maximum temperature value (31.7 °C) was recorded on 16th March 2014. Meanwhile, within the study period, nearly 8% of the total relative humidity values recorded the maximum value (100%). The hourly wind speed varied between 0.3 m s-1 and 8.8 m s-1 with a median value of 2.8 m s-1. The hourly pressure values ranged from 1002.9 hPa to 1013.9 hPa where the average value was 1009.0 hPa.
Daily meteorological behaviour within the sampling periods is illustrated in Fig. 1(a). Patterns during January 2014 were not clear due to incomplete data but clear fluctuation patterns were evident during February and March 2014. According to the Malaysian Meteorological Department, MMD (2014), almost all areas in Malaysia have recorded temperatures higher than the mean long term in February and March. This is a normal condition due to the northeast monsoon but during this study period, a slight extreme condition to normal was observed. One of the factors that contributed to this condition was a typically tropical weather system in the eastern part of country which had moved far to the west of the Pacific Ocean; this created a stable atmosphere and reduced the amount of rainfall/moisture. However, from the middle of March 2014 onwards, the east coast and the north of the Malaysian Peninsula received a significant amount of rainfall (). The diurnal pattern of the humidity showed an inverse trend with temperature and wind speed but a reverse trend with atmospheric pressure (Fig. 1(b)). The humidity reached its peak value when the temperature was at its lowest around 7.00 h to 8.00 h. Slightly before noon, the humidity level decreased steadily towards the afternoon (around 18.00 h) while the temperature and wind speed showed increased trends. Atmospheric pressure showed two peaks; the first peak was in the late morning (10.00 – 11.00 h) and the second peak was around midnight and early morning (24.00 – 1.00 h).
 
[Figure 1]
3.2 Characteristics of Particle Mass Concentration




The concentrations of PM10 recorded in this study were a similar level to those recorded at the Malaysian background station (Jerantut, Pahang) located in the middle of the Malaysian Peninsula and were lower compared to the PM10 concentrations recorded in urban and semi-urban areas in Malaysia (). Another Malaysian study by Tahir et al. (2013) recorded lower concentrations of PM10 and PM2.5 of 25 µg m-3 and 14 µg m-3 , respectively. Studies that also recorded lower concentrations when compared to this study include research by Tsai et al. (2005) in southern Taiwan for PM1, PM2.5 and PM10.


3.3. Characteristics of PNC	




The hourly average concentration of PNC(0.27-4.5µm) recorded in this study ranged from 67 to 4721 #cm-3 with an average concentration of 471  651 #cm-3 (Table 1). The PNC concentration found in this study was far below the concentration of PNC recorded in Singapore by Betha et al. (2013) (3.4 × 104 #cm-3 during the south-west monsoon and 2.9 × 104 #cm-3 during the northeast monsoon). However, the aforementioned study was focused on particles with the diameter size range of 0.0056 to 0.56 µm. Another study in Chiang Mai, Thailand by Tippayawong et al. (2006) on total PNC with a diameter size of 0.3 – 10 µm during winter recorded a much higher concentration at 8.0 × 106 #m-3. Meanwhile, Cheung et al. (2013) recorded a PNC of 1.39 × 104 #cm-3 PNC in Taiwan for particles with a diameter size of 10 – 429 nm (0.01 – 0.429 µm) during the summer. Photochemical reactions were found to be the main sources of fine particles in Taiwan during the summer. Comparisons made with other regions also show significant differences. For example a study carried out at El Arenosillo Station (Spain), which is in a coastal-rural area, by Sorribas et al. (2011) recorded PNC as low as 8.7 × 103 #cm-3 for particles with a diameter size of 14 – 673 nm (0.014 – 0.673 µm). A study carried out in a rural area of Finland by Laakso et al. (2003) for particles with a diameter size of 10 – 500 nm (0.01 – 0.5 µm) recorded 2.1 × 103 #cm-3 of PNC.  All the observations indicate that the concentration of PNC is significantly influenced by the background characteristics of the sampling station, in addition to the instrumentation characteristics.
The PNC variations were then determined by applying HACA on the significant particle size data set. The results showed that PNC of 0.27 μm ≤ Dp ≤ 4.50 μm clustered into four modes (Fig. 2). Mode 1 was formed of particle sizes 0.27 μm to 0.43 μm. Mode 2 consisted of particle sizes in the range of 0.48 μm to 0.90 μm. Mode 3 consisted of particles from 1.15 μm to 2.25 μm and Mode 4 was made up of particles of sizes 2.75 μm to 4.50 μm. Modes 1, 2 and 3 are made up of fine particles, which can be further classified as PM1 for Mode 1 and 2 and PM2.5 for Mode 3. Mode 4 can be classified as coarse particles (i.e. particles ≥ 2.5 μm). The classification of the different particle diameters was expected to be influenced by the location of the study area, surrounding weather conditions and daily local activities.
[Figure 2]

	This study area is located on the coast with a relatively high influence from sea spray/marine aerosols on the particle concentration. The primary-natural sources of fine particles are mostly sea spray and crustal material. Fine particle concentrations can also be influenced by primary-anthropogenic sources, for example, trace metals, oily residues, agriculture activities and open burning. Secondary-natural and -anthropogenic sources of fine particles are the oxidation of reduced precursor gases such as sulfur oxides, nitrogen oxides and organics emitted naturally (by the oceans and wetlands) or anthropogenically (for example fossil fuel combustion, motor vehicle exhaust, animal husbandry, sewage and fertilizer) respectively. Secondary fine particle products includes sulfates, organics and nitrates  ADDIN EN.CITE (; ; ; ). Further to the origin of fine particles, fine mode aerosol in the form of non-sea-salt sulfate, formed by gas-to-particle conversion of dimethyl sulfide (DMS), dominates submicron fine particles in marine environment (). The movement of fine particle pollution from urban and nearby sources might be significant reasons to have high PNC or fine mode aerosol at coastal environment due to the seaward or land-sea breeze. Similarly, the monsoonal effect cannot be ignored as a factor affecting the variability of fine particles. It has been observed that the biomass fire events noticeably intensified in the Chinese inland regions during the south-west monsoon. Thus, the transboundary effect on fine particle pollution is considerable in this costal environment. In contrast, the natural sources of coarse particles are primarily windblown dust, erosion and sea spray in coastal areas (; ). A study by  HYPERLINK \l "_ENREF_1" \o "Almeida, 2005 #363"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Almeida</Author><Year>2005</Year><RecNum>363</RecNum><DisplayText>Almeida et al. (2005)</DisplayText><record><rec-number>363</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">363</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Almeida, S. M.</author><author>Pio, C. A.</author><author>Freitas, M. C.</author><author>Reis, M. A.</author><author>Trancoso, M. A.</author></authors></contributors><titles><title>Source apportionment of fine and coarse particulate matter in a sub-urban area at the Western European Coast</title><secondary-title>Atmospheric Environment</secondary-title></titles><periodical><full-title>Atmospheric Environment</full-title><abbr-1>Atmos Environ</abbr-1></periodical><pages>3127-3138</pages><volume>39</volume><number>17</number><keywords><keyword>Aerosol particles</keyword><keyword>Source apportionment</keyword><keyword>Receptor modelling</keyword><keyword>Sub-urban air</keyword><keyword>South western Europe</keyword></keywords><dates><year>2005</year><pub-dates><date>6//</date></pub-dates></dates><isbn>1352-2310</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S1352231005001378</url></related-urls></urls><electronic-resource-num>http://dx.doi.org/10.1016/j.atmosenv.2005.01.048</electronic-resource-num></record></Cite></EndNote>Almeida et al. (2005) identified that the sea spray is the significant source of coarse mode aerosol at coast site. The sea spray forms from the droplet via the mechanism of bubble bursting is typically occurred in a wind stream at the range of 10 – 32 m s-1 (). The maritime transport of air mass sea-land breeze governs the compositions of sea spray to the coarse aerosol particles ().
3.3. Daily variations of PNC and Particle Mass Concentration 
The daily PNC variation patterns are similar to the results obtained for particle mass where both showed higher concentrations during March compared to January and February 2014 (Fig. 3). All four modes of PNC were found to be higher in March compared to January and February 2014 (Fig. 3(a)). From February until March 2014, Malaysia and Southeast Asia experienced dry seasons and this phenomenon led to a high number of biomass burning hot spots, especially in both the coastal area and the area to the northeast of Malaysia (Indo-China) causing the high particle number and mass concentrations (Fig. 4(i)).





In addition to local biomass burning activities, the PNC at the study area during the study periods has also been influenced by transboundary sources. This was explained by the fire hotspot count and backward trajectories analysis as illustrated in Fig. 4(i) and Fig. 4(ii). The figures demonstrate that during the study period, there were high numbers of fire hotspots throughout the Southeast Asia region, including the study area, indicating biomass burning activities. Most hotspot counts were seen in Indo-China (Cambodia, Vietnam and Laos) and the Philippines. January was mostly influenced by hotspot from Indo-China while February and March were greatly influenced by hotspot in Borneo and the Philippines. A study by Gautam et al. (2013) reported that during March to April, Indo-China experiences wild land forest fires, agricultural crop burning and forest conversion fires which contribute to intense biomass burning episodes. Hence, during this study period, long-range transport of fine particles did have an effect on ambient air.

3.4. Diurnal pattern of PNC, PM and their Correlation with Meteorological Factors




The overall patterns of particle mass concentrations obtained at Bachok were quite different compared with urban area studies. In urban areas, a very distinct bimodal pattern (morning and evening peaks) can be seen where these two peaks are closely related to rush hour traffic, but this pattern did not appear in this study. This is likely to be due to the style of living and economic activities of people in the study area. The burning of waste in the evening for example is a normal activity in the study area. PNC and particle mass concentration increased steadily in the morning and reached a peak concentration around 7.00 h – 8.00 h. Concentrations then dropped significantly towards midday (9.00 h to 12.00 h) when the sea breeze starts to develop around 9.00 h. These low concentrations of PM were continuous throughout the afternoon. This phenomenon could be influenced by traffic peak hours occurring in the morning and the vertical distribution of PM due to low stability of the atmosphere, the increasing level of temperature, wind speed and mixing height. High surface temperatures increase evaporation processes as well as increase the mixing height. This situation increases the movement of surface particles towards the upper part of the atmosphere, therefore promoting particle dilution (). 
Further analysis on the statistical relationship between hourly meteorological variables and pollutant variables were conducted to determine the correlation between PNC and PM to meteorological factors. The dependent variables were: four modes of PNC (0.27 μm ≤ Dp ≤ 4.50 μm) and particle mass (PM10, PM2.5 and PM1) while the independent variables were the meteorological variables temperature (T), humidity (H), wind speed (W) and pressure (P). The equations obtained for PNC and particle mass with the regression coefficient of determination (R2) are illustrated in Eq. 1(i) – 1(iv) and 2(v) – 2(vii) respectively.

(a) PNC:
     Mode 1 = 0.152(H) + 0.045(P) - 0.536(T) – 0.071(W) + 25.075	 R2 = 0.462	Eq. 1(i)
Mode 2 = 0.111(H) + 0.089(P) - 0.482(T) + 0.020(W) + 11.243	 R2 = 0.311	Eq. 1(ii)
Mode 3 = 0.145(H) + 0.127(P) - 0.433(T) + 0.070(W) + 6.696	 R2 = 0.278	Eq. 1(iii)
Mode 4 = 0.163(H) + 0.160(P) - 0.444(T) – 0.036(W) + 11.092	 R2 = 0.354	Eq. 1(iv)

(b) Particle Mass:
PM1 = 0.135(H) + 0.081(P) - 0.536(T) – 0.021(W) + 23.532	 R2 = 0.417	Eq. 2(v)
PM2.5 = 0.140(H) + 0.092(P) - 0.535(T) – 0.004(W) + 22.478	 R2 = 0.413	Eq. 2(vi)
PM10  = 0.138(H) + 0.094(P) - 0.536(T) – 0.006(W) + 22.6	 R2 = 0.413	Eq. 2(vii)

Based on Eq.1(i) - 2 (vii), meteorological variables used in this study influenced the PNC and particle mass variability moderately. Mode 1 showed the highest coefficient of determination, R2 value (0.462) which explained 46.2% of particles with a diameter in the range 0.27 μm to 0.43 μm contributed to by the four meteorological variables. Among the four meteorological variables, W has affected the PNC variability differently. W influenced Mode 1 and Mode 4 negatively, while Mode 2 and Mode 3 were influenced positively.
	 The relationship between particle size distribution and wind speed were complicated due to the facts that it’s always related to the velocity of the particles origin and wind direction. The tendency of submicron (Mode 1) and fine particles (Mode 2 and 3) shows inverse relationship to wind speed. As for the observation by  HYPERLINK \l "_ENREF_32" \o "Karar, 2006 #404"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Karar</Author><Year>2006</Year><RecNum>404</RecNum><DisplayText>Karar and Gupta (2006)</DisplayText><record><rec-number>404</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">404</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Karar, Kakoli</author><author>Gupta, AK</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">Seasonal variations and chemical characterization of ambient PM</style><style face="subscript" font="default" size="100%">10</style><style face="normal" font="default" size="100%"> at residential and industrial sites of an urban region of Kolkata (Calcutta), India</style></title><secondary-title>Atmospheric Research</secondary-title></titles><periodical><full-title>Atmospheric Research</full-title><abbr-1>Atmos Res</abbr-1></periodical><pages>36-53</pages><volume>81</volume><number>1</number><dates><year>2006</year></dates><isbn>0169-8095</isbn><urls></urls></record></Cite></EndNote>Karar and Gupta (2006)  and  HYPERLINK \l "_ENREF_61" \o "Tiwari, 2014 #401"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Tiwari</Author><Year>2014</Year><RecNum>401</RecNum><DisplayText>Tiwari et al. (2014)</DisplayText><record><rec-number>401</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">401</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Tiwari, Suresh</author><author>Bisht, DS</author><author>Srivastava, AK</author><author>Pipal, AS</author><author>Taneja, A</author><author>Srivastava, MK</author><author>Attri, SD</author></authors></contributors><titles><title>Variability in atmospheric particulates and meteorological effects on their mass concentrations over Delhi, India</title><secondary-title>Atmospheric Research</secondary-title></titles><periodical><full-title>Atmospheric Research</full-title><abbr-1>Atmos Res</abbr-1></periodical><pages>45-56</pages><volume>145</volume><dates><year>2014</year></dates><isbn>0169-8095</isbn><urls></urls></record></Cite></EndNote>Tiwari et al. (2014), the strong wind flush pollutants out of the system and vice versa for low wind speed. Similar observation reported by several other researchers i.e. the dispersion or dilution of fine particles are generally pronounced during windy conditions  ADDIN EN.CITE (; ). However, the submicron particles at coast site is believed to be originated from local or nearby sources. The fine aged particles in Mode 2 and Mode 3 might be influenced by the transboundary biomass fire events due to the monsoonal north east strong wind as observed by  HYPERLINK \l "_ENREF_34" \o "Khan, 2015 #393"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Khan</Author><Year>2015</Year><RecNum>393</RecNum><DisplayText>Khan et al. (2015)</DisplayText><record><rec-number>393</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">393</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Khan, Md Firoz</author><author>Latif, Mohd Talib</author><author>Amil, Norhaniza</author><author>Juneng, Liew</author><author>Mohamad, Noorlin</author><author>Nadzir, Mohd Shahrul Mohd</author><author>Hoque, Hossain Mohammed Syedul</author></authors></contributors><titles><title>Characterization and source apportionment of particle number concentration at a semi-urban tropical environment</title><secondary-title>Environmental Science and Pollution Research</secondary-title></titles><periodical><full-title>Environmental Science and Pollution Research</full-title><abbr-1>Environ Sci Pollut Res</abbr-1></periodical><pages>1-16</pages><dates><year>2015</year></dates><isbn>0944-1344</isbn><urls></urls></record></Cite></EndNote>Khan et al. (2015). The intensity of wind circulation reacts differently to Mode 4 coarse particles. As noted above and recorded by  HYPERLINK \l "_ENREF_34" \o "Khan, 2015 #393"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Khan</Author><Year>2015</Year><RecNum>393</RecNum><DisplayText>Khan et al. (2015)</DisplayText><record><rec-number>393</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">393</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Khan, Md Firoz</author><author>Latif, Mohd Talib</author><author>Amil, Norhaniza</author><author>Juneng, Liew</author><author>Mohamad, Noorlin</author><author>Nadzir, Mohd Shahrul Mohd</author><author>Hoque, Hossain Mohammed Syedul</author></authors></contributors><titles><title>Characterization and source apportionment of particle number concentration at a semi-urban tropical environment</title><secondary-title>Environmental Science and Pollution Research</secondary-title></titles><periodical><full-title>Environmental Science and Pollution Research</full-title><abbr-1>Environ Sci Pollut Res</abbr-1></periodical><pages>1-16</pages><dates><year>2015</year></dates><isbn>0944-1344</isbn><urls></urls></record></Cite></EndNote>Khan et al. (2015), more than 90% PNC are dominated to fine mode. Thus, the fewer PNC at coarse Mode 4 demonstrates non-significant correlation to the linear regression equation which might be possible reason to show up negative correlation coefficient. Coincidentally, a fragmentation theory was reported by  HYPERLINK \l "_ENREF_35" \o "Kok, 2011 #403"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Kok</Author><Year>2011</Year><RecNum>403</RecNum><DisplayText>Kok (2011)</DisplayText><record><rec-number>403</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">403</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Kok, Jasper F</author></authors></contributors><titles><title>Does the size distribution of mineral dust aerosols depend on the wind speed at emission?</title><secondary-title>Atmospheric Chemistry and Physics</secondary-title></titles><periodical><full-title>Atmospheric Chemistry and Physics</full-title><abbr-1>Atmos Chem Phy</abbr-1></periodical><pages>10149-10156</pages><volume>11</volume><number>19</number><dates><year>2011</year></dates><isbn>1680-7316</isbn><urls></urls></record></Cite></EndNote>Kok (2011) in which predicted that smaller particles are produced with higher wind speed. This model explains the dependency of aerosol diameter on the wind friction speed and consistent to the relation of wind speed and Mode 4.
	The effects of the meteorological variables on particle mass are greater compared with PNC (Eq. 2(v) – 2 (vii). The highest R2 value was recorded by PM1. The contribution of the four meteorological variables to the PM1 is 41.7% (0.417) (Eq. 2(v)). The H, P, T and W influenced particle mass concentrations equally where H and P show positive effects while T and W show negative effects. In terms of correlation, both PNC and particle mass show a negative significant difference with temperature and wind speed but positive significant differences with humidity at p < 0.01. Only Mode 3 and Mode 4 showed positive significant differences with pressure at p < 0.01. A study in Lanzhou, China by  HYPERLINK \l "_ENREF_66" \o "Wang, 2009 #380"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Wang</Author><Year>2009</Year><RecNum>380</RecNum><DisplayText>Wang et al. (2009)</DisplayText><record><rec-number>380</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">380</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Wang, Shigong</author><author>Feng, Xinyuan</author><author>Zeng, Xiaoqing</author><author>Ma, Yuxia</author><author>Shang, Kezheng</author></authors></contributors><titles><title>A study on variations of concentrations of particulate matter with different sizes in Lanzhou, China</title><secondary-title>Atmospheric Environment</secondary-title></titles><periodical><full-title>Atmospheric Environment</full-title><abbr-1>Atmos Environ</abbr-1></periodical><pages>2823-2828</pages><volume>43</volume><number>17</number><dates><year>2009</year></dates><isbn>1352-2310</isbn><urls></urls></record></Cite></EndNote>Wang et al. (2009) obtained similar results where the concentrations of all four studied parameters (i.e.: TSP, PM10, PM2.5 and PM1) showed negative correlations with wind speed during the summer, autumn and winter. Another study by  HYPERLINK \l "_ENREF_61" \o "Tiwari, 2014 #401"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Tiwari</Author><Year>2014</Year><RecNum>401</RecNum><DisplayText>Tiwari et al. (2014)</DisplayText><record><rec-number>401</rec-number><foreign-keys><key app="EN" db-id="fzazdsfrnwexf5et20l5tvr4aztfsae9xsef">401</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Tiwari, Suresh</author><author>Bisht, DS</author><author>Srivastava, AK</author><author>Pipal, AS</author><author>Taneja, A</author><author>Srivastava, MK</author><author>Attri, SD</author></authors></contributors><titles><title>Variability in atmospheric particulates and meteorological effects on their mass concentrations over Delhi, India</title><secondary-title>Atmospheric Research</secondary-title></titles><periodical><full-title>Atmospheric Research</full-title><abbr-1>Atmos Res</abbr-1></periodical><pages>45-56</pages><volume>145</volume><dates><year>2014</year></dates><isbn>0169-8095</isbn><urls></urls></record></Cite></EndNote>Tiwari et al. (2014) in Delhi, India also reported the similar result. These results show that meteorological parameters play a significant role in both the number concentration and size distribution of aerosol particles in the Bachok area, particularly for smaller particle sizes (Mode 1 and PM1). They are closely associated with pollutant concentrations as they influence physical as well as chemical processes. Smaller particles are relatively small in mass and can suspend in the ambient air for a longer time compared with heavier particles. Therefore, they have a higher tendency to react with precursor reservoir created in the chemical processes, for example oxidation of sulphur and iodine from the ocean by hydroxide (OH), ozone (O3) and/or ultraviolet (UV).

3.5 Lognormal fitting of particle mass distribution









In this study PNC, (0.27 μm ≤ Dp ≤ 34.00 μm) and particle mass (PM10, PM2.5 and PM1) distributions were investigated in the tropical climate atmosphere of Bachok, Malaysia. PCA results showed that the variation in the PNC database was dominated by particle sizes of below 4.5 µm (0.27 - 4.50 μm) at 57.6%. The results demonstrate that the concentrations of all 24-h PM concentrations in the study area can be considered low compared to the recommended levels suggested by the RMAQG, the US EPA and the EU. Nevertheless, the 24-h average concentration of PM2.5 (30  18 µg m-3) exceeds the level recommended by the WHO standard value (25 µg m-3). This situation was explained by the study location, tropical weather conditions and surrounding activities. The local and long-range transport of air pollutants, particularly from biomass burning can contribute to elevated particle concentrations in the study area. Despite the fact that Bachok is located in a rural coastal area, local anthropogenic emission sources (such as motor vehicles and agricultural activities as well as motor vehicles) contribute to air pollution in the study area. This can be shown by the hot spot count together with wind rose plotting as well as the presence of a high peak in the morning (7.00 – 8.00 h), when people in these communities commute to their workplace. This peak is also influenced by the dispersion of accumulated particles as the sea breeze develops during the day.
	The consistency shown in the particle distribution and GSD values suggests that the particles originate from similar sources. Furthermore, wind speed, temperature, humidity and pressure were found to greatly influence the smaller size particle (i.e. PM1 and Dp (0.27 - 0.43 μm) concentrations in Bachok. The presented results underline the significance of continuously monitoring both particle number and mass concentrations including the ultrafine range in order to enhance air quality evaluation. Further comprehensive studies on local and long-range effects with complete information on emission inventory, weather, meteorological and gaseous parameters are therefore essential in order to run the chemical transport model for better understanding of the complex ambient air.
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Table 1: Descriptive data on particle mass concentration (n = 54) and particles number concentration (n = 1171)


















Table 2: Factor loading for principle component analysis after varimax rotation with Kaiser normalization on three- month particle number concentration with  diameter range from 0.27 µm  to 34.00 µm (Values in bold are the strong factory loading (> 0.70 and above)).

Particle diameter, Dp (µm)	Component


















































Fig. 1. Variation on meteorological variables during three months sampling periods (January
to March, 2014) in Bachok area :(a) Daily variation; (b) Diurnal variation




















































Supplementary 1. Location and the land use map of study area, Bachok Kelantan, Malaysia


Supplementary 2. Distribution of total number of particles for three-month period (January – March, 2014) in Bachok
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